A high-resolution, very shallow seismic reflection and refraction experiment was conducted to investigate the seismic response of groundwater level changes in beach sand in situ. A fixed 10-m-long receiver array was used for repeated seismic profiling. Direct measurements of water level in a monitoring well and moisture content in the sand were taken as well. The water table in the well changed by about 1 m in slightly delayed response to the nearby ocean tides. In contrast, inversion of the seismic data yielded a totally different picture. The reflection from the water table at high tide appeared at a later time than the reflection at low tide. This unexpected discrepancy can be reconciled using Gassmann's equation: a low-velocity layer must exist between the nearsurface dry sand and the deeper and much faster fully saturated sand. This low-velocity layer coincides with the newly saturated zone and is caused by a combination of the sand's high density (close to that of fully saturated sand), and its high compressibility (close to that of dry sand). This low-velocity zone causes a velocity pulldown for the high-frequency reflections, and causes a high-tide reflection to appear later in time than low-tide reflection.
INTRODUCTION
The use of geophysical methods in groundwater studies is increasing as the water management problems society faces become more complicated. The water table is one of the hydrological features geophysicists are often asked to locate, and high-resolution seismics is thought to be one of the most promising methods for imaging the shallow subsurface. Seismic refraction and reflection methods have been used successfully for mapping water table in aquifers (Haeni, 1986) . However, the water table is not a simple seismic boundary: it is defined by the phreatic surface as the point where the pore water pressure is equal to the atmospheric pressure, and its location may vary in a relatively short length of time. But the seismic response of the water table is not defined by the pore pressure directly. Rather, it is defined through the pore fluid properties (such as compressibility, density, and viscosity) and the degree of saturation.
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The effect of saturation and pore fluids on the seismic velocity is an old problem in rock physics and a subject of many theoretical (Gassmann, 1951; Biot, 1956 Biot, , 1962 and experimental (Nur and Simmons, 1969; Murphy, 1984; Cadoret, 1993) investigations. The majority of the experimental results were derived under laboratory conditions, and there is a degree of uncertainty in upscaling the results to the field.
To better understand the relation between the hydrological water table and its seismic image, and the seismic response of the subsurface under different wetting and draining situations, we conducted a high-resolution shallow-seismic survey on a sandy beach in Monterey Bay, California, during August 23-25, 1995. Shallow reflection and refraction data were acquired every 20 to 30 minutes, while the water table in the sand was changing because of the nearby ocean tide, monitored directly in a shallow well. In-situ saturation measurements from the upper 30 cm of the sand were taken as well. This paper reviews the field results and basic theory used to model them. The high-resolution experiment provides a valuable link between laboratory data and field-scale data. The results of this experiment demonstrate the effects of fluid substitution in situ as inferred from surface seismics. In this paper, we show the results of the modeling of the seismic response in shallow, unconsolidated sand. The analysis of the velocities is presented in Bachrach et al. (1998, this issue The seismic velocity in rock or sediment is a function of the effective elastic constants of the material,
whereK andḠ are the effective material bulk and shear moduli respectively, andρ is its bulk density. Theoretical and laboratory data have shown that seismic velocity is sensitive to the presence of fluid in the pore space. The general linear stress-strain relations for a porous elastic solid with fluids were derived by Biot (1956 Biot ( , 1962 . At its lowfrequency limit, Biot's theory relates saturated elastic constants to the material properties as given by Gassmann's equation (1951) :
where φ is the porosity, G dry and K dry are the dry framework shear and bulk moduli, respectively, K 0 is the mineral bulk modulus, K fl is the pore fluid bulk modulus, and G sat and K sat are the saturated effective bulk moduli, respectively. For partially saturated rocks at low frequencies, the effective modulus of the pore fluid as the harmonic average of the air bulk modulus K air and the water bulk modulus K water is
where S w is water saturation of the pore space. The density of the material is
where ρ air and ρ water are the gas and the liquid densities, respectively, and ρ 0 is the density of the mineral. The validity of the Biot-Gassmann theory was verified in low-frequency laboratory tests (Murphy, 1984; Cadoret, 1993) . Figure 1 shows the seismic velocity predicted by the BiotGassmann equation for a beach sand (with dry P-velocity of 200 m/s and S-velocity of 100 m/s) also at low frequency. In highporosity unconsolidated sand, the partially saturated sand has a lower velocity then the dry sand because of the density effect. Only at 100% saturation is the stiffness of the pore fluid high enough to increase the velocity.
The hydrologic response of sand to wetting and draining
Shallow sand and soil in general, can be regarded as a combination of a solid phase (grains) and two fluid phases (water and air), with respective volumes θ i = V i /V for i = 1, 2, 3, where V is the total volume and θ i is the volumetric fraction of the phase i. The saturation is S i = θ i /φ for i = 1, 2 (gas and liquid), where φ is the porosity.
Sand saturation and hydraulic permeability (K i ) can be characterized by their volume phase content only on a macroscopic scale. It is also on this scale that Darcy's law is presumed to be valid.
However, on a grain or pore scale, immiscible phases become discontinuously distributed and bulk averaging is not appropriate (Luckner et al., 1989) .
On this scale, nonwetting fluid phase (air) becomes disconnected and immobile when its content θ nw becomes less than some limiting value θ nw,r , and its relative hydraulic conductivity K nw = 0. In contrast, when the wetting fluid film is thin, the wetting fluid becomes immobile under bulk hydraulic gradients. The two residual fluid contents θ w,r and θ nw,r characterize the two transitions from coherent to incoherent fluid distributions. These two residual saturations are important parameters that affect fluid flow in the subsurface, specifically the drainage and wetting processes that occur in the beach sand.
At very low water saturation (when θ w < θ w,r ), the volumetric water content of the wetting fluids can change mostly through evaporation and condensation (some have proposed a very slow film-flow process also to occur at this low saturation). Otherwise (θ w > θ w,r ), water is mobile as a connected phase, and its flow is governed by Darcy's law. Similarly, when air content
Water pressure head (ψ) curve for different flow processes as a function of volumetric water content. Primary drainage is drainage from 100% saturation. Primary wetting is wetting from 0% saturation (totally dry sand). The main drainage and wetting curves correspond to repeated wetting and drying (such as in water table fluctuation). The residual air saturation θ nw,r , can still be present at pore pressures that are higher then the atmospheric pressure (for example, below a rising water table). is low (θ nw > θ nw,r ), its content can change only by dissolution or degassing. Otherwise (θ nw > θ nw,r ), the air is mobile in a connected gaseous phase that is transported again by a Darcy-type law.
The two parameters θ w,r and θ nw,r are related by θ w,r ≈ 2θ nw,r (Luckner et al, 1989) . Therefore, for a beach sand with about 8% irreducible water saturation after drainage, we expect about 4% of irreducible air saturation after imbibition. A schematic of the hysteretic fluid-phase retention curve for the two-phase immiscible flow system is presented in Figure 2 . The primary wetting curve represents the process of water displacing air from totally dry sand. The primary drying curve similarly represents the process of air displacing water from totally saturated sand. The main wetting curve and main drying curve represent the phase distribution above the water table if the initial starting point was not of 100% saturation of air or water.
EXPERIMENTAL DESCRIPTION

Geologic setting and field techniques
Our experimental site was at Moss-Landing Beach in sandy Monterey Bay, California (Figure 3 ). The beach sand there is coarse (0.2 mm mean grain diameter), and its permeability is high (∼4 d, as measured by air permeameter in the lab). Our experiment was conducted during the period August 23-25, 1995. During this time, the ocean tidal variation was about 1.65 m. A monitoring well placed 1.5 m from our geophone line provided water table measurements every 30 minutes. The water table variation measured in the monitoring well was about 1 m (Figure 4) . A seismic line of 40-Hz geophones and a 48-channel, 24-bit seismic acquisition system were placed on the beach sand parallel to the sea 50 cm below high tide (Figure 3 ). Measurements were taken until the tide covered the seismic line, and continued as soon as the water withdrew. The seismic source was a 0.25-kg hammer hitting a flat-lying 5 × 5 cm steel plate. Geophone spacing was 0.2 m. We stacked six-nine blows of the hammer on the plate at five different shot locations at 2 m and 0.5 m from first geophone, at the middle of the line, and 0.5 and 2 m from the last geophone. One set of these shots took about 5-8 minutes. Each set of shots was analyzed as if it was
FIG.
3. Tide at Moss-Landing Beach. The seismic line was placed just below the high tide line, so at maximum tide the wave will wash the sand. The monitoring well (tube on the left) was placed 1.5 m from the first geophone. The geophones were buried under the sand to reduce wave and wind noise. The geophone spacing was 20 cm. At low tide, the water table was 2 m below the first geophone.
taken at the same time, and the time difference between the seismic measurements represents the time difference between the beginning of each series.
The average water content in the upper 15 and 30 cm was determined with a time domain reflectometer (TDR) taken every 20-30 minutes throughout the experiment (Figure 4) . The TDR provides the apparent dielectric constant (Ka), which is then converted to volumetric water content using the Topp et al. (1980) regression curve. Although salinity somewhat affects the apparent dielectric constant because of conductivity increase, using the Topp et al. regression curve yields error of less then 3% for the range of volumetric water content between 5% and 18% with conductivity of 1 S/m (Dalton, 1992) . In Figure 4 , each apparent dielectric constant and water point represent the spatial average of three measurements. Note that water content in the upper 15 cm is almost constant with time after the high tide, whereas the drainage of the sand is detected only in the 30-cm measurements. The reason is the high air humidity and the night fog on the beach.
The data presented here were collected between August 24, 1995, at 16:30 hours local time and August 25 at 02:50 hoursa partial cycle of 10 hours from low tide to high tide and back. The measurements between 16:30 and 20:20 hours were done on a dry sand, and the measurements between 23:51 and 02:45 hours were conducted as the sand was drying, after the tide receded.
Measurement results
Both refraction and reflection data were collected and analyzed in this experiment. The refraction analysis was based on a two-layer model: a low-velocity unsaturated sand overlying a high-velocity fully saturated sand. We assumed a continuous velocity increase with depth (induced by the sand's overburden pressure), and calculated the apparent depth of the water table from the first arrivals [a detailed discussion of the velocity interpretation is given in Bachrach et al. (1998) ]. The average velocity from the slope of the first arrivals was used to estimate the effect of the moisture content in the upper 30 cm. Figures 5a  and 5b show shot records at low and high tide. The averaged velocity as calculated from the first arrivals was 159-167 m/s when the sand was dry, and increased from 152 to 160 m/s when the sand was wet. (Figure 6 ). The apparent depth to the water table as calculated from the refraction data alone is presented in Figure 7 .
The reflection from the shallow water table was masked by ground roll. A severe low-cut filter was used to filter out the ground roll and image the reflection from the water table (Figure 5c tion, filtering, and deconvolution. We present here the single fold data, which are actually the center split shots that were measured every 20-40 minutes during the tidal cycle. The frequency content of the recorded signal contained energies above 800 Hz. The water table reflection in Figure 5c is the reflection after low-cut filtering of 800 Hz. Note that the ground roll in the reflection is spatially aliased, but the water table reflection is quite strong. The frequency content of the filtered shot gather is presented in Figure 9 .
DISCUSSION
Water table and saturation
While the water table in the monitoring well rose and fell by about 1 m, the seismic refractor remained essentially unchanged with time at the same depth of 2.15 ± 0.1 m below the geophone array. This was the actual depth of the water table at low tide (Figure 7) . The high-frequency reflection image of the water table at high tide was later (deeper) in time than the water table reflection at low tide (Figure 8 ). This seemingly wrong pattern can be simply explained, however, if we consider the low velocity caused by the density of less than fully saturated sand, as predicted by Gassman's equation.
The effect of the saturation of the velocity is clearly seen as the first layer velocity decreases after high tide and increases slowly as the sand drains ( Figure 6) .
The average velocity of the first arrivals can be used to calculate the average saturation of the upper layer from the P-wave velocity using the fluid substitution equation of Mavko et al. (1995) :
where M fluid , M dry , and M ps are the elastic P-wave moduli (M = ρV 2 p ) of the fluid, dry, and partially saturated sand, respectively, and M 0 is the mineral (quartz in this case) modulus. Since the pore fluid stiffness doesn't change much with saturation for S w < 0.9, we assume M ps ≈ constant. This assumption is based on the fact that M ps = K ps + 4 3 G ps and, according to Biot-Gassman's theory, the partially saturated shear modulus G ps is constant and the partially saturated bulk modulus K ps is almost constant for saturation less than 99%. For M ps ≈ ρV 2 p ≈ constant, the density variation can be extracted from the velocity. If the residual water saturation at dry conditions can be estimated and average density ρ 1 can be calculated, then the density change (due to saturation change) ρ can be extracted using
where ρ 1 and V p1 are the density and the velocity of the unsaturated sand, respectively, and V p2 is the velocity of the saturated sand. Figure 10 presents the saturation inferred from near-surface velocity from first arrivals using equation (7) and the saturation derived from the TDR measurements at 30 cm. Note that the saturation derived from the velocity data is somewhat lower than the TDR results for t = 0-4 hours, and that the saturation from the velocity data is higher than the TDR results Volumetric water content in the first layer as calculated from the first layer refraction together with the measurements from the TDR for the saturation at a depth of 30 cm. The velocity indicates higher saturation than the one measured at the first 30 cm. This is expected because the seismic wave penetrated deeper than 30 cm, and the water table is expected to be high especially after the high tide (t = 7−8 hours).
in the second part (t = 7-11 hours). Because velocity increases with depth (Bachrach et al., 1998) , the ray path is curved, and the seismic wave actually samples deeper parts of the sand. Therefore, in the first part of the experiment, between 16:30 and 20:00 hours, the velocities imply slightly dryer sand below the near-surface sand (which is probably affected by the humidity in the beach). In the second part (7-11 hours), the velocities indicate that the sand is more saturated than the upper 30 cm. The effect of density is clear in the NMO velocity as well. We observe NMO velocity change of ∼10 m/s between the low-tide dry sand at 18:00 hours and the high-tide at 00:02 hours local time ( Figure 11 ). By using equation (7), and the fact that the NMO velocity is the rms velocity for a layered medium with small spread approximation (Yilmaz, 1987) , it can be easily
, where ρ is an average density change integrated along a vertical column of sand. If we take V nmo1 = 240 m/s and V nmo2 = 230 m/s, then ρ/ρ 1 ≈ 0.089, which gives an integrated saturation change of about 35%.
SUMMARY AND CONCLUSIONS
We have shown that (1) shallow water-table reflections can be imaged from depths of ∼2 m; (2) the reflections do not correspond to the water table as defined by the phreatic surface, but that both the reflections and refractions are influenced by partial saturation and therefore are sensitive to the history of the flow; and (3) the wave velocity in porous sand can be inverted directly into saturation. These results together are important for the use of shallow seismic for hydraulic monitoring. For example, if we wish to monitor water table changes during pumping, the seismic response will be controlled by the saturation profile and not the water table itself. This is in agreement with results of a high-resolution seismic monitoring of water table during pumping test done by Birkelo et al. (1987) . Their seismic image of the water table corresponded to a perched water-table system and to the top of the saturation zone, rather than the water table itself. Our results imply also that when monitoring water table recovery after pumping, the reflection will not follow the phreatic surface.
The ability to image saturation can serve as an important tool for locating heterogeneity in the subsurface. We were able to calculate the pore water content as a function of time. This calculation can be used in calibration of the transport properties in the subsurface. 
